The effects of selective phosphoinositide 3-kinase (PI3K) and AKT inhibitors were compared in human tumor cell lines in which the pathway is dysregulated. Both caused inhibition of AKT, relief of feedback inhibition of receptor tyrosine kinases, and growth arrest. However, only the PI3K inhibitors caused rapid induction of cell death. In seeking a mechanism for this phenomenon, we found that PI3K inhibition, but not AKT inhibition, causes rapid inhibition of wild-type RAS and of RAF-MEK-ERK signaling. Inhibition of RAS-ERK signaling is transient, rebounding a few hours after drug addition, and is required for rapid induction of apoptosis. Combined MEK and AKT inhibition also promotes cell death, and in murine models of HER2 + cancer, either pulsatile PI3K inhibition or combined MEK and AKT inhibition causes tumor regression. We conclude that PI3K is upstream of RAS and AKT and that pulsatile inhibition of both pathways is suffi cient for effective antitumor activity.
INTRODUCTION
The PI3K-AKT-mTOR signaling pathway is frequently activated in cancer, deregulates control of metabolism, cell proliferation, and apoptosis, and is required for the initiation and maintenance of transformation in model systems. Hyperactivation of this pathway is associated with exaggerated physiologic feedback inhibition of many components of the signaling network, the consequences of which include marked downregulation of multiple receptors and their ability to signal.
Many components of this pathway have been shown to be mutated or otherwise dysregulated in tumors ( 1-5 ). Mechanisms of activation include amplifi cation or mutation of receptors that entrain phosphoinositide 3-kinase (PI3K) signaling, especially HER2 and HER3, mutation or amplifi cation of the genes encoding the catalytic or regulatory subunits of class I PI3Ks, prominently PIK3CA, and loss-of-function mutations of genes that encode negative regulators of the pathway, such as PTEN, INPP4B, TSC, and LKB1 . Such mutations are very common in endometrial, prostate, breast, colorectal, and other cancers. In some cancers (colorectal cancer and melanoma), they often coexist with mutations in RAS or RAF that activate the RAS-ERK signaling pathway; in other cancers (breast, prostate), they do not.
The prevalence of activation of PI3K signaling in tumors has led to the development of inhibitors of several components of the pathway, including the PI3K, AKT, mTOR kinases, and Rapamycin analogs that inhibit mTORC1. Experimental models of tumors with dysregulated activation of the pathway, especially those with PIK3CA mutation or HER2 amplifi cation, tend to be selectively sensitive to inhibitors of AKT or PI3Kα if they do not have coexisting mutations in RAS or RAF ( 6 ) . In contrast, sensitivity to mTOR inhibitors is less genotype specifi c, and most tumor cell lines tend to be at least somewhat sensitive to these drugs.
Despite the sensitivity of tumor models to both genetic and pharmacologic inhibition of the pathway, the therapeutic effi cacy of these inhibitors has been marginal. This may be due in part to the use of unselective drugs that do not inhibit the pathway effectively because off-target toxicities limit dosing. In addition, mTOR and AKT inhibitors relieve feedback inhibition of receptor signaling and activate PI3K, ERK, and other effectors (7) (8) (9) (10) . Reactivation of upstream signaling may attenuate or even prevent the antitumor activity of these drugs. Inhibition of AKT reactivates receptor signaling (by inhibiting mTOR/S6 kinase) and receptor expression (by activating FOXO-dependent expression of HER3 and IGF/insulin receptors), thereby inducing PI3K and ERK activation. Inhibition of mTORC1 similarly reactivates receptor, PI3K, and ERK signaling, but also activates AKT, thus enforcing FOXO inhibition, and receptor expression is not induced. Thus, the effects of inhibitors of different components of the pathway differ both in the spectrum of substrates they suppress and in the details of their effects of feedback. However, both mTOR and AKT inhibitors activate receptor signaling, PI3K activity, and ERK signaling.
Because mTOR and AKT inhibitors reactivate PI3K signaling, we asked whether PI3K inhibitors have more signifi cant antitumor activity, perhaps by inhibiting other PI3K targets in addition to AKT-mTOR. Selective PI3K and AKT inhibitors were compared in tumors with activation of PI3K pathway signaling to assess differences in the biochemical and biologic consequences of their inhibition. Both inhibitors effectively inhibited downstream targets of AKT, relieved feedback inhibition of growth factor receptors, and inhibited cell growth. However, in HER2-dependent breast cancers, 
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PI3K inhibitors, but not AKT inhibitors, caused the rapid induction of a signifi cant degree of apoptosis. We fi nd that whereas AKT inhibitors inhibit AKT-mTOR and activate ERK signaling, PI3K inhibitors inhibit both. They cause not only durable inhibition of AKT signaling but also transient inhibition of RAS activation and ERK signaling, both of which are required for induction of apoptosis. Moreover, induction of apoptosis by an AKT inhibitor is signifi cantly enhanced when combined with an MEK inhibitor. Our results show that PI3K is upstream of wild-type RAS as well as AKT-mTOR, and this causes the therapeutic consequences of PI3K inhibition to be signifi cantly greater than those of AKT inhibition.
RESULTS
AKT and PI3K inhibitors both inhibit AKT-mTOR signaling but AKT and mTOR inhibitors activate ( 8 , 10 ) , whereas PI3K inhibitors inhibit, PI3K activity. To examine the different biochemical and biologic consequences of inhibiting these two nodes of the pathway, we compared the effects of the AKT inhibitor MK2206 with those of the PI3K inhibitor BAY 80-6946. MK2206 is a highly selective, allosteric inhibitor of AKT 1, 2, and 3 that inhibits the phosphorylation of these kinases by preventing their association with the membrane ( 6 , 11 ) . BAY 80-6946 (chemical structure depicted in Supplementary Fig. S1A ) is an ATP-competitive selective inhibitor of class I PI3Ks, more potent against PI3Kα (IC 50 = 0.5 nmol/L) and PI3Kδ (IC 50 = 0.7 nmol/L) than PI3Kβ (IC 50 = 3.7 nmol/L) and PI3Kγ (IC 50 = 6.4 nmol/L), and much less active against mTOR (IC 50 = 45 nmol/L) and other PIKs (no inhibition at 1 μmol/L; ref. 12 ). After 1 hour of exposure of the HER2 -amplifi ed breast cancer cell line BT-474 to 50 nmol/L BAY 80-6946, the phosphorylation of AKT, its substrates such as PRAS40 and MDM2, as well as downstream effectors such as S6 and 4E-BP1, are potently inhibited by the compound (Supplementary Fig. S1B ). To identify a dose range in which BAY 80-6946 inhibits PI3K but not mTOR, we utilized LAM TSC2 −/− , a cell line in which mTOR signaling is not dependent upon AKT activation ( Supplementary  Fig. S1C ). In this model, after 3 hours of treatment, the mTOR kinase inhibitor AZD8055 blocked the phosphorylation of mTOR substrates and their targets (4E-BP1 and S6), whereas MK2206 blocked the phosphorylation of AKT but not that of mTOR substrates. Treatment with doses of BAY 80-6946 ranging from 10 to 250 nmol/L blocked the phosphorylation of AKT S473 and PRAS40 T246, but did not affect the phosphorylation of mTOR targets. Above 500 nmol/L, BAY 80-6946 blocked both AKT and mTOR substrates. Thus, at doses of 250 nmol/L and below, BAY 80-6946 selectively inhibits PI3Ks and not mTOR in cells.
Selective doses of BAY 80-6946 (50 nmol/L) and MK2206 (2 μmol/L) were used to compare the effects of PI3K and AKT inhibition in BT-474 cells, a breast tumor model with HER2 amplifi cation and PIK3CA mutation that is dependent on AKT for proliferation ( 6 , 8 ) . Both drugs rapidly inhibited the phosphorylation of AKT (S473, T308) as well as its direct substrates PRAS40 (T246) and GSK3β (S9), and inhibition was sustained for up to 24 hours ( Fig. 1A ) . Despite these similarities in modulating AKT signaling, there was a marked difference in induction of apoptosis, as assessed by the appearance of cleaved caspases 3 and 7. Compared with AKT inhibition, PI3K inhibition led to signifi cantly more cleaved caspase beginning at 30 minutes after drug exposure and persisting for up to 24 hours. Similar results were obtained with another HER2 -amplifi ed, PIK3CA -mutant tumor model, MDA-MB-361 (Supplementary Fig. S1D ). These fi ndings suggested a major difference in the biologic consequences of PI3K and AKT inhibition.
We have previously reported that breast cancer models with PIK3CA mutation or HER2 amplifi cation are sensitive to AKT inhibition. In these tumors, inhibiting AKT reduces cyclin D expression and causes growth arrest in the G 1 phase of the cell cycle ( 6 ) . Apoptosis is modest and occurs later, 48 to 72 hours after drug addition. BAY 80-6946 had similar effects on cell proliferation and the accumulation of cells in G 1 ( Fig. 1B and Supplementary Fig. S1E and S1F). However, whereas AKT inhibition was associated with a slight increase in cell number followed by cessation of growth ( Fig. 1C ) , PI3K inhibition caused signifi cant apoptosis ( Fig. 1B and Supplementary Fig. S1E and S1F) and a 33.5% reduction in cell number by 72 hours after drug exposure ( Fig. 1C ) . The apoptotic process was induced rapidly after PI3K inhibition. Cleaved caspase-3, caspase-7, and PARP were detected within 30 minutes of PI3K inhibition ( Fig. 1A and D ) , reached a peak by 2 hours, and persisted for at least 24 hours after drug exposure. In contrast, AKT inhibition caused only a modest induction of caspase cleavage 2 hours after drug exposure, which then fell to trace levels at 4 hours, and modest induction in the fraction of sub-G 1 DNA at 72 hours after MK2206 addition ( Fig. 1A and B ) . Enhanced induction of apoptosis with PI3K inhibition as compared with AKT inhibition was also noted in two other HER2-amplifi ed breast cancer models, SK-BR-3 and MDA-MB-361 ( Supplementary Fig. S1E and S1F).
To determine whether induction of caspase cleavage was due to activation of the intrinsic apoptotic pathway, BT-474 cells were engineered to express high levels of BCL-X L . BCL-X L overexpression did not alter inhibition of PI3K signaling by BAY 80-6946 ( Fig. 1D ) . However, the accumulation of cleaved caspase-3, cleaved caspase-7, and cleaved PARP that was evident in untransfected and vector-transfected BT-474 cells was completely suppressed by overexpression of BCL-X L . PI3K inhibition did suppress the proliferation of these cells, but it did not reduce their viability, as it did in control cells ( Fig. 1E ) . In fact, the response of BCL-X L -overexpressing cells to BAY 80-6946 resembled the response of untransfected BT-474 to the AKT inhibitor ( Fig. 1C and E ) . We conclude that, although PI3K and AKT inhibitors inhibit AKT signaling to an equivalent degree, PI3K inhibition induces significantly more apoptosis and does so very rapidly.
We attempted to determine the basis for the differential effects of PI3K and AKT inhibition on cell viability ( Fig. 2A and Supplementary Fig. S2A ). Substrates of AKT kinases such as PRAS40, GSK3β, and FOXO were inhibited similarly by both drugs. Targets of mTOR such as pS6 and p4E-BP1 were also inhibited by both, although PI3K inhibition blocked 4E-BP1 phosphorylation more potently and longer than AKT inhibition ( Fig. 2A and Supplementary Fig. S2A ). Activation of PI3K-AKT-mTOR signaling has been shown to cause feedback inhibition of multiple components of the signaling network, including the expression and activity of Research.
on December 29, 2017. © 2014 American Association for Cancer cancerdiscovery.aacrjournals.org Downloaded from receptors that are important activators of PI3K (8) (9) (10) . AKT and mTOR inhibitors relieve this feedback and reactivate receptor signaling. Differential induction of any of these receptors could result in altered cell survival. We found that the expression and phosphorylation of HER3, IGF-IR, and IR were induced to a similar degree and with similar kinetics by both drugs. Induction of HER3 expression and phosphorylation in cells treated with AKT inhibitors has also been shown to be associated with induction of HER3 heterodimerization with other HER kinases and a reciprocal decrease in HER2 and EGFR phosphorylation ( 8 ) . This occurred with similar kinetics in cells treated with the PI3K or the AKT inhibitor.
Activation of receptor signaling in cells exposed to AKT or mTOR inhibitors activates PI3K as well as parallel pathways ( 13 ) . We found that STAT3 phosphorylation was induced by both drugs with the same kinetics, albeit to a slightly greater degree by PI3K inhibition ( Fig. 2A ). We and others have also shown that AKT or mTOR inhibition causes activation of ERK signaling ( 7 , 14 ) as shown in Fig. 2C . In contrast, we found that selective inhibition of PI3K with BAY 80-6946 inhibited the phosphorylation of ERK in BT-474 cells ( Fig. 2A ) . Inhibition was rapid and began within 10 minutes after drug exposure, concomitant with inhibition of AKT phosphorylation ( Fig. 2B ) . ERK phosphorylation reached a nadir in 30 minutes and began to rebound in 50 minutes ( Fig. 2B ). In contrast, there was no decline in phospho-ERK (pERK) in dimethyl sulfoxide (DMSO)-treated control cells ( Supplementary Fig. S2B ), in cells treated with the AKT inhibitor (MK2206; Fig. 2A and C ), a selective mTOR kinase inhibitor (AZD8055; Fig. 2D ), or the mTORC1 inhibitor Rapamycin ( Supplementary Fig. S2C ). These results were not peculiar to BAY 80-6946 or to the BT-474 model. Another selective class I PI3K inhibitor (GDC-0941) also rapidly inhibited ERK signaling, in this case in the PTEN -null, triple-negative breast cancer cell line MDA-MB-468 ( Supplementary Fig. S3 ). Thus, the data suggest that in some cells, ERK activation is dependent on PI3K, but not AKT or mTOR activity.
Recently, it has become clear that PI3K signaling is PI3K isoform dominant in many neoplasms, as a function of both mechanism of pathway activation (PI3Kα when the pathway is activated by receptor tyrosine kinases (RTK); PI3Kβ in PTENmutant tumors; refs. [15] [16] [17] and lineage (PI3Kδ in B-cell lymphomas; refs. 18, 19 ) . We found that downregulation of pERK by PI3K inhibition was not specifi c for a particular Research.
on December 29, 2017. © 2014 American Association for Cancer cancerdiscovery.aacrjournals.org Downloaded from class I isoform ( Fig. 3A ) . BYL-719, a PI3Kα-selective inhibitor; GSK2311418A, a PI3Kβ-specifi c inhibitor; and CAL101, a PI3Kδ specifi c inhibitor, all rapidly reduced pERK in models driven by the isoforms they target (for PI3Kα, BT-474, a HER2 -amplifi ed, PIK3CA -mutant breast cancer; for PI3Kβ, MDA-MB-468, a PTEN-defi cient breast cancer; for PI3Kδ, CCRF-SB, an acute lymphoblastic leukemia cell line). In all three tumor models, the isoform-selective inhibitors caused rapid loss of both AKT and ERK phosphorylation within 15 minutes of drug administration. In each case, there were concomitant decreases of MEK phosphorylation and CRAF S338 phosphorylation. These data suggest that PI3K affects ERK activation by inhibiting RAF activity.
Thus, a variety of selective inhibitors of class I PI3Ks suppresses ERK signaling. To determine whether selective genetic inhibition of the pathway had a similar effect, we utilized an MDA-MB-468 cell line engineered to express wild-type PTEN when treated with doxycycline ( 20 ) . In these cells, doxycycline induced PTEN protein expression and reduced AKT phosphorylation in approximately 1 hour ( Fig. 3B ) . Induction was associated with decreased phosphorylation of ERK, MEK, and CRAF. These data, together with our fi nding that selective inhibition of mTOR or AKT does not inhibit ERK, suggest that inhibition of PI3K reduces ERK signaling by reducing PIP3 and via an AKT-mTOR-independent pathway.
We surveyed the ability of BAY 80-6946 to inhibit ERK phosphorylation in a panel of tumor cell lines to assess the generality of this phenomenon ( Fig. 4 ) . Downregulation occurred in the majority (16 of 23) of cell lines, including those with HER2 amplifi cation, PIK3CA mutation, or PTEN or INPP4B defi ciency, as well as some cell lines without known mechanisms for activation of the pathway. Inhibition of ERK phosphorylation was rapid and rebounded quickly in most tumors, but was more long lasting in some, including the B-cell malignancies. In contrast, in seven cell lines, ERK phosphorylation was insensitive to PI3K inhibition, despite marked inhibition of AKT. These include all four cell lines with RAS mutations. In HCT116, a cell line with a catalytic domain mutation in PIK3CA and an activating mutation in KRAS , PI3K inhibition downregulated pAKT without decreasing ERK, MEK, or CRAF phosphorylation ( Supplementary Fig. S4 ).
The observation that the reduction in pERK after PI3K inhibition occurs in a majority of tumors with wild-type RAS, but not in those with mutant RAS, suggests that it may be due to direct inhibition of wild-type RAS activity. This possibility is supported by the rapidity with which it occurs and the coincident decline in MEK and RAF phosphorylation in all tested cells, including the HER2 -amplifi ed breast tumors SK-BR-3 and BT-474 ( Fig. 5A ) . We therefore utilized pulldowns of the RAF1 RAS-binding domain (RBD) to assess levels of the active GTP-bound form of RAS. We found that, in all four cell lines tested, SK-BR-3, BT-474 ( Fig. 5A ) , the lung cancer cell line NCI-H292 ( Supplementary Fig. S5A ), and Research. 
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the lymphoma cell line CCRF-SB ( Supplementary Fig. S5B ), the PI3K inhibitor caused a rapid and marked decline in RAS-GTP within 15 minutes of drug addition. The decline occurred in all three RAS isoforms and was coincident with the decline in pAKT as well as the decline in pERK, pMEK, and p338 CRAF ( Fig. 5A ). RAS-GTP was also inhibited by another PI3K inhibitor (BYL-719) in BT-474 ( Supplementary  Fig. S5C ). In contrast, the AKT inhibitor reduced AKT phosphorylation, but not the level of RAS-GTP ( Fig. 5B ) . Stimulation with EGF for 5 minutes induced pERK, pMEK, pCRAF, and RAS-GTP levels, whereas inhibition of HER receptor signaling with lapatinib potently blocked pERK, pMEK, and pCRAF, and also inhibited RAS-GTP ( Fig. 5B ) .
RAS-GTP levels rebounded with variable kinetics in the four cell lines, 30 to 240 minutes after exposure of cells to the PI3K inhibitor ( Fig. 5A and Supplementary Fig. S5A and S5B). In each of the four cell lines, ERK phosphorylation fell at the same time and then rebounded with the same kinetics as RAS-GTP. These results strongly suggest that PI3K inhibitors transiently suppress the activation of wild-type RAS in tumors in a PIP3-dependent, AKT-independent manner and that this is responsible for the transient ERK inhibition caused by these drugs. Consistent with this model, in tumors with mutant RAS (HCT116, A549), in which the PI3K inhibitor had no effect on ERK phosphorylation, it also had no effect on RAS-GTP levels, but did inhibit AKT phosphorylation ( Supplementary Fig. S5D and S5E) .
To determine whether mutant RAS is insensitive to PI3K inhibition, we expressed a FLAG-tagged Q61K-mutant NRAS in SK-BR-3 cells in a doxycycline-inducible manner ( Fig. 5C ). In the absence of doxycycline, the PI3K inhibitor BAY 80-6946 potently and rapidly inhibited RAS-GTP and pERK in these cells. After doxycycline induction, mutant NRAS was expressed in these cells and both mutant and wildtype RAS were bound to GTP. Addition of BAY 80-6946 had no effect on levels of GTP bound to mutant NRAS or levels Research. 
of pERK, although it still decreased levels of GTP bound to wild-type RAS. This fi nding supports the conclusions that PI3K regulates wild-type RAS activation and that PI3K inhibitors suppress ERK signaling by inhibiting activation of wild-type RAS.
We have identifi ed two early consequences of PI3K inhibition that do not occur with AKT inhibitors: suppression of RAS-RAF-MEK-ERK signaling and signifi cant induction of apoptosis. Both occur within 2 hours of drug administration. We sought to determine whether inhibition of ERK signaling was required for induction of apoptosis. To date, PI3K inhibitors administered alone have had signifi cant antitumor activity in the clinic in only a limited subset of tumors: B-cell lymphomas, tumors with HER2 amplifi cation, and breast cancers with PIK3CA mutations. We asked which members of a small set of breast cancer cell lines underwent signifi cant apoptosis when exposed to BAY 80-6946, as measured by induction of sub-G 1 DNA content. In our panel, signifi cant apoptosis at 72 hours was essentially limited to those tumors with HER2 amplifi cation ( Supplementary Fig. S6 ).
We used BT-474, a model that underwent signifi cant apoptosis, to ask whether the downregulation of pERK in tumor cells exposed to PI3K inhibitors was required for induction of early apoptosis. Given the rapid and transient inhibition of ERK, we took a physiologic and pharmacologic approach to the question. In HER2 -amplifi ed cells, RAS activation is under the control of HER kinases. We treated BT-474 cells with BAY 80-6946 alone, or together with EGF ( Fig. 6A ) . As expected, PI3K inhibition alone led to a decline in phosphorylation of AKT, the AKT substrate PRAS40, and ERK, while inducing apoptosis, as demonstrated by an increase in the cleaved forms of caspase-3, caspase-7, and PARP (lane 3). When coadministered with EGF, BAY 80-6946 still potently decreased pAKT and its substrate pPRAS40, but pERK was no longer downregulated (lanes 4, 5). Under this condition, apoptosis was signifi cantly abrogated as well. To ensure that the rescue of apoptosis was due to lack of ERK inhibition and not EGF activation of other signaling pathways, we utilized a highly selective inhibitor of the MEK kinases, PD0325901 (PD901). PD901 alone inhibited ERK, but not AKT or PRAS40 phosphorylation and did not induce caspase or PARP cleavage (lanes 8, 9). When PD901 was coadministered with BAY 80-6946 and EGF, phosphorylation of AKT and PRAS40 remained inhibited and pERK was now inhibited as well (lanes 6, 7). Restoration of ERK inhibition was associated with restoration of apoptosis, as demonstrated by accumulation of cleaved caspases, and PARP. We conclude from these data that the transient inhibition of ERK caused by PI3K inhibition is required for the rapid induction of apoptosis in these cells.
PI3K and AKT inhibitors both inhibit the growth of HER2-dependent breast cancers, but the latter causes much less cell death. Our model suggests that this is because they elevate rather than inhibit ERK signaling and predicts that combined inhibition of AKT and MEK will cause enhanced apoptosis and have greater antitumor effects compared with AKT inhibition alone. We treated BT-474 cells with the AKT inhibitor MK2206, the MEK inhibitor PD901, or a combination of the two. MK2206 downregulated phosphorylation of AKT and its substrate PRAS40, whereas PD901 downregulated phosphorylation of ERK, and the combination effectively blocked both pathways ( Fig. 6B ) . Two hours after drug administration, combined AKT and MEK inhibition caused a greater degree of induction of cleaved caspase-3 and cleaved caspase-7 than either AKT or MEK inhibition alone.
PI3K inhibitors cause rapid inhibition of ERK in breast cancer cells with HER2 amplifi cation, but pERK levels rebound fairly quickly. Even so, this transient inhibition is required for signifi cant induction of apoptosis by these drugs. We asked whether more complete and sustained inhibition of ERK might enhance induction of cell death by the PI3K inhibitor. We found that, in BT-474, SK-BR-3 or MDA-MB-361 cells, the addition of PD901 could further enhance the apoptotic effects of the PI3K inhibitor, as quantitated by sub-G 1 DNA content ( Fig. 6C ) . In BT-474 and MDA-MB-361 cells, MEK inhibition enhanced the induction of apoptosis caused by AKT inhibition alone, but the combination was not nearly as potent as PI3K inhibition alone. In SK-BR-3 cells, combined MEK and AKT inhibition appeared nearly equivalent to PI3K inhibition alone. These results suggest that, in some cells, inhibition of other non-AKT targets of PI3K contributes to induction of apoptosis, or that stronger MEK inhibition is required to fully activate apoptosis. Combined inhibition of MEK and PI3K caused more apoptosis than any of the other treatments in all three models.
We wished to determine whether these fi ndings were relevant in vivo . For this purpose, we utilized the BT-474 model grown as xenografts in immunocompromised mice. Intravenous administration of BAY 80-6946 caused rapid (within 10 minutes) inhibition of PI3K activity, as measured by decreased phosphorylation of AKT S473 and T308, and of ERK phosphorylation ( Fig. 7A ). Both were sustained for at least 60 minutes. Induction of caspase-3 and caspase-7 cleavage was detectable within 20 minutes of drug administration and markedly increased at 45 and 60 minutes after dosing. This experiment was performed three separate times with similar results. Thus, BAY 80-6946 causes both rapid inhibition of ERK signaling and rapid induction of apoptosis in vivo .
We asked whether inhibition of ERK with PD901 enhanced the induction of apoptosis by the AKT inhibitor MK2206 in vivo . As reported in previous work, AKT inhibition induced moderate apoptosis in HER2 -amplifi ed breast cancer xenografts (ref. 8 ; Fig. 7B and Supplementary Fig. S7A ). MEK inhibition with PD901 was associated with minimal caspase cleavage not noticeably different from that observed with vehicle controls, 5 and 7 hours after drug addition ( Fig. 7B and Supplementary  Fig. S7A ). In contrast, combined inhibition of MEK and AKT synergized to cause marked induction of apoptosis.
BAY 80-6946 has an extremely short half-life in mice ( t 1/2 = 0.7 hours), and maximal inhibition of the target persists only for 4 hours (data not shown), so we determined whether its therapeutic effi cacy required continuous dosing by infusion. In the BT-474 xenograft model, we compared the effects of pulsatile BAY 80-6946 treatment (14 mg/kg three times/ wk) and continuous administration of BAY 80-6946 via a mini-pump (42 mg/kg/wk). Pulsatile administration of BAY 80-6946 suppressed tumor growth to a much greater extent than continuous dosing (Supplementary Fig. S7B ). Thus, relatively brief inhibition of the pathway three times per week was suffi cient to signifi cantly inhibit tumor growth. We speculate that transient inhibition of PI3K was more effective because of more complete inhibition of the target for a Immunoblots of tumor lysates demonstrate downregulation of pAKT and pERK as well as induction of cleaved caspase-3 and cleaved caspase-7. B, mice bearing BT-474 xenografts were treated with vehicle, a combination of MK2206 (100 mg/kg) and PD901 (5 mg/kg), or either agent alone, and tumors were collected at 5 hours after treatment. Immunoblots of tumor lysates demonstrate greatest induction of cleaved caspase-3 and cleaved caspase-7 with the combination of MK2206 and PD901. C, mice bearing BT-474 xenografts were randomized to (1) vehicle fi ve times/week, (2) PD901 5 mg/kg fi ve times/week, (3) MK2206 100 mg/kg fi ve times/week, (4) BAY 80-6946 14 mg/kg three times/week, (5) combination of (2) and (3), or (6) combination of (2) and (4), and tumor size was measured by vernier caliper two times per week. The results were reported as mean tumor volume with SEs ( n = 10/group). The inset excludes groups (1) and (2) . Having established the pulsatile schedule and dosing for BAY 80-6946 in vivo , we compared it with AKT inhibition by MK2206 (5 times/week at 100 mg/kg) in the BT-474 breast cancer xenograft model ( Fig. 7C ) . AKT inhibition slowed the growth of tumors, but they still grew signifi cantly. In contrast, pulsatile PI3K inhibition caused initial tumor regression and signifi cantly suppressed tumor growth. The effectiveness of intermittent administration of the PI3K inhibitor and its superior antitumor activity compared with AKT inhibition were confi rmed in another HER2 -amplifi ed, PIK3CA -mutant breast cancer model, MDA-MB-361 ( Supplementary Fig. S7C ).
We hypothesized that the effectiveness of PI3K inhibition was due in part to its combined inhibition of ERK and AKT.
As previously reported, MEK inhibition with PD901 (5 times/ week at 5 mg/kg) had no effect on BT-474 tumor growth ( Fig. 7C ; ref. 21 ) . However, the combined inhibition of MEK and AKT was clearly synergistic, as tumors regressed for approximately 10 days and then began to grow. Taken together, the data support the idea that induction of signifi cant apoptosis in HER2
+ tumors requires the inhibition of both AKT and MEK signaling that is achieved with PI3K inhibitors. Combining MEK and AKT inhibition with two separate drugs worked almost as well as PI3K inhibition in this model. However, combining MEK and PI3K inhibition (3 times/week of 14 mg/kg BAY 80-6946 plus 5 times/week of 5 mg/kg PD901) caused greater and more sustained tumor regression than the latter alone, suggesting that deeper and longer ERK pathway inhibition is required to maximize antitumor activity.
Research. 
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The PI3K signaling pathway is dysregulated in a large proportion of tumors, most commonly by activating mutations of PIK3CA , activation of RTKs such as HER2, and loss of activity of the PTEN and INPP4B tumor suppressors that negatively regulate the pathway ( 4 , 22 ) . Despite the powerful transforming activity of these alterations, clinical activity of inhibitors of PI3K, AKT, and mTOR has been disappointing and signifi cantly less than that obtained with inhibitors of other oncogene-activated pathways (e.g., BRAF, EGFR, and ALK; refs. [23] [24] [25] . We and others have found that activation of the PI3K pathway causes feedback inhibition of receptor signaling ( 8-10 , 14 ) . PI3K pathway inhibitors relieve this feedback and reactivate receptor signaling. It has been posited that this reactivation attenuates the therapeutic effects of pathway inhibitors. Inhibition of mTOR has been shown to activate receptor signaling and reactivate PI3K-AKT ( 9, 10 ), whereas AKT inhibition inhibits AKT but still reactivates PI3K ( 8 ) . These data predict that PI3K inhibitors would inhibit AKT-mTOR signaling and reactivate receptor signaling, but would inhibit, rather that reactivate, PI3K itself. In this article, we asked whether this difference would have biologic or therapeutic consequences. Our ability to pursue this question was dependent on determining the dose range over which selective PI3K inhibitors do not affect mTOR activity.
We compared the effects of selective inhibition of PI3K and AKT and found that they were signifi cantly different. In HER2 -amplifi ed breast cancer cells, the effects of the drugs on AKT signaling and reactivation of RTKs are very similar. PI3K inhibition, however, causes a rapid and signifi cant induction of apoptosis, whereas AKT inhibition does not. The differential induction of apoptosis induced by PI3K turns out to be due to inhibition of PI3K targets other than AKT-mTOR. Remarkably, inhibition of PI3K, but not AKT, leads to the rapid inhibition of RAS activity in these tumors, which is accompanied by inhibition of CRAF, MEK, and ERK phosphorylation. Thus, inhibiting PI3K causes the rapid inhibition of both AKTmTOR and RAS-ERK signaling, whereas AKT inhibitors suppress only the former and, in fact, activate the latter. The effects of the PI3K inhibitor on the two pathways were observed in cultured cells and in vivo in tumor xenografts, suggesting their potential clinical signifi cance.
In a large panel of tumor models, PI3K inhibitors were shown to inhibit AKT signaling in all cells and inhibit RAS-ERK signaling in most cells but not those harboring a mutant allele of RAS. To confi rm that mutant RAS signals independently of PI3K, we induced mutant RAS expression in a model with wild-type RAS and found that both mutant RAS-GTP levels and downstream CRAF-MEK-ERK activation were unaffected by the PI3K inhibitor. The data together suggest that PI3K regulates wild-type, but not mutant, RAS.
Although PI3K inhibitors caused a rapid decline in both AKT and RAS in the RAS wild-type tumors, the duration of inhibition was quite different. Inhibition of AKT was sustained in most cases beyond 24 hours, whereas inhibition of RAS was transient, typically lasting 60 to 240 minutes. Changes in CRAF-MEK-ERK activity closely followed those in RAS activation, further implying that the changes in ERK are due to the changes in RAS.
The transient changes in RAS-ERK activation led us to wonder whether they were necessary for the rapid induction of apoptosis we observed in these cells. We and others had previously shown that MEK-ERK inhibition alone in these cells had little to no effect ( 21 ), so we speculated that the inhibition of both AKT and ERK was necessary for induction of apoptosis. We found that addition of EGF could prevent the downregulation of ERK (but not AKT) caused by the PI3K inhibitor and prevent apoptosis. Apoptosis could be restored in these cells by adding a selective inhibitor of MEK so that once again both AKT and ERK are downregulated. This then clarifi ed the mechanism underlying the difference in induction of apoptosis by PI3K and AKT inhibitors. PI3K inhibitors downregulate both AKT and ERK, whereas AKT inhibitors downregulate AKT but relieve RTK feedback and activate PI3K and ERK. Indeed, we fi nd that combining MEK and AKT inhibitors causes synergistic apoptosis, though it does not rise to the level induced by PI3K inhibition.
The fi nding that PI3K is upstream of wild-type RAS is surprising though not novel. Although PI3K is almost always thought of as an effector rather than an activator of RAS, there are several descriptions of the latter (26) (27) (28) (29) (30) . In most of these, pretreatment with a drug that inhibits PI3K prevented or reduced ligand-induced activation of RAS and/or ERK. For instance, Wennstrom and Downward showed that when serum-starved COS7 cells were pretreated with LY294002 or wortmannin, induction of RAS-GTP after 5-minute stimulation with EGF was blunted ( 26 ) . Similarly, pretreatment of cells with wortmannin blocked low-dose platelet-derived growth factor (PDGF) activation of ERK, but not when higher concentrations of PDGF were used or in cells with high levels of PDGF receptor ( 27 ) . These fi ndings are consistent with our data that EGF stimulation causes PI3K-independent activation of ERK in BT-474. It is not clear why the idea that PI3K is upstream of RAS has not been incorporated into standard models of signaling. It may be due to the complexity of the systems, the reliance on ligand activation of serum-starved cells and transfection studies, the use of less-specifi c drugs like LY294002 and wortmannin, and most likely, the absence of a defi ned biologic consequence of PI3K regulation of RAS activation.
We have now used selective compounds to show that PI3K is upstream of both RAS and AKT, that inhibition of PI3K downregulates both ERK signaling (transiently) and AKT-mTOR signaling (durably), and that the transient inhibition of ERK is necessary for the potent induction of apoptosis by these drugs. Our data strongly suggest that PI3K inhibitors induce a greater degree of cell death than AKT inhibitors because they inhibit ERK signaling. MEK inhibition by itself has no effect, so the question becomes why transient ERK inhibition synergizes with PI3K inhibition to cause cell death. We and others have previously shown that the ERK and PI3K pathways converge on key targets that regulate cell survival and proliferation. These include the BH3 domain protein BAD ( 20 ) , the regulator of cap-dependent-translation 4E-BP1 ( 31 ), and BCL2 ( 32 ) . In tumors with coexistent activation of both ERK and AKT signaling, both pathways must be inhibited to suppress these targets, inhibit tumor growth, and induce cell death.
The transience of this phenomenon may provide a clue for understanding the complexity of regulation of RAS-ERK signaling by PI3K. Our previous data and those of others show that PI3K activation will downregulate receptor signaling 
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and ERK signaling via AKT-mTOR-dependent feedback mechanisms ( 7, 8 , 14 ) . AKT or mTOR inhibitors relieve this feedback and activate ERK signaling ( 7 ) . Our data here show that PI3K is also required to maintain tonic levels of RAS activation in tumors with wild-type RAS. Thus, PI3K activation has two opposing effects on RAS signaling: at modest levels of PI3K signaling, ERK output may integrate PI3K output and feedback; in tumors with dysregulated activation of AKT and mTOR, feedback may predominate and result in low levels of ERK. In this model, selective inhibition of PI3K will inhibit RAS directly but also relieve feedback inhibition of receptors that would ultimately lead to RAS activation. We believe that the former occurs more quickly than the latter and that this accounts for the initial decline and subsequent rebound in ERK phosphorylation. The model also accounts for why inhibition of ERK signaling has not, for the most part, been recognized as a prominent property of PI3K inhibitors. First, most inhibitors used in the past have had multiple other targets, including, prominently, mTOR, which would be expected to blunt or negate the phenomenon. Second, the effect is rapid and obscured by relief of feedback and other adaptations over time.
These results have important implications for the treatment of patients with PI3K-dependent tumors, especially those with HER2-dependent cancers. We show that PI3K inhibitors ought to be more effective than AKT inhibitors, if they are selective and can be administered at doses that effectively inhibit the pathway. Selective AKT inhibitors and mTOR inhibitors that can potently inhibit AKTmTOR signaling are expected to activate ERK, via receptor and PI3K activation, and this might blunt their therapeutic effects.
Recently, treatment with more-selective PI3K inhibitors has led to greater therapeutic effi cacy in lymphomas and in breast cancer with PI3K mutation or HER2 amplifi cation. The ability of any PI3K inhibitor to inhibit signaling adequately is limited by physiologic toxicity. Moreover, attempts to combine MEK inhibitors with "dual specifi city" PI3K or AKT inhibitors have been complicated by severe toxicity at modest doses of these drugs. The idea that the pathway must be inhibited continuously dominates the clinical development of these drugs. Our fi nding that transient inhibition of PI3K is effective in in vivo models suggests that periodic rather than continuous target inhibition is an alternative strategy that would allow adequate pathway inhibition without causing inordinate toxicity or chronic feedback reactivation of receptors. Thus, combining PI3K inhibitors, MEK inhibitors, and, perhaps, inhibitors of key reactivated RTKs and administering them at high dose on intermittent schedules may be a more effective therapeutic strategy for these tumors. 
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